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The authors present the results of an investigation of the heat transfer 
between a dense bed of sand and a cylinder vibrating at various fie- 
quencies and amplitudes in the horizontal and vertical planes. An 
equation is derived for determining the relative rate of heat txansfer 
as compared with a stationary cylinder. 

The p rob lem of in tens i fy ing  the heat  t r a n s f e r  be-  
tween a dense  bed of g r a n u l a r  m a t e r i a l  and a heat ing 
sur face  at r igh t  angles  to the flow is one of c o n s i d e r -  
able p rac t i ca l  impor t ance .  One method of in tens i fy ing  
heat  t r a n s f e r  is v ibra t ion ,  but  the only publ ished data 
re la te  to tes t s  on a tubu la r  hea te r  [1, 2] with v ib ra t ion  
of the ves se l  through which the m a t e r i a l  moves .  
These  tes t s  were  made over  a ve ry  l imi ted  range  of 
v a r i a t i o n  of the opera t ing  condi t ions  and a re  t h e r e -  
fore inconc lus ive .  We have inves t iga ted  the s ame  
p rob lem over  a r a t h e r  broad  range  of va r i a t ion  of the 
p a r a m e t e r s ,  s tudying the effect of the d i rec t ion  of 
v ib ra t ion  (horizontal  and ver t ica l ) ,  the ampli tude and 
f requency  of the v ibra t ions ,  and the velocity of the 
granular mater~al .  

F o r  compar i son  we a/so inves t iga ted  the heat  t r a n s -  
fe r  f rom a s t a t i ona ry  cy l inder .  The tes t  m a t e r i a l  was 
dry  quar tz  sand (mean par t ic le  s ize  d p =  0.3 mm) 
flowing do~n a v e r t i c a l  shaft  under  s t a t iona ry  t he r ma l  
condi t ions .  The m e a n  coeff icient  of heat  t r a n s f e r  be -  
tween bed and cylinder (outside d i a m e t e r  d = 33.5 ram) 
was d e t e r m i n e d  in  the usual  way: f rom the amount  of 
heat  t r a n s f e r r e d  and the d i f ference  be tween the mean  
t e m p e r a t u r e  of the cy l inder  su r face  and the t e m p e r a -  
ture  of the oncoming flow of m a t e r i a l .  

Apar t  f rom the heat  t r a n s f e r  we studied (by visuM 
obse rva t ion  of the mot ion  of colored l aye r s )  the na-  
tu re  of the flow over the cy l inder  at d i f ferent  m a -  
t e r i a l  flow ra t e s  and v ib ra t ion  p a r a m e t e r s .  The ex-  
p e r i m e n t a l  setup is  shown schema t i ca l l y  in  F ig .  1. 

In o rde r  to produce the v ib ra t ions  we used a m e -  
chanical  v i b r a t o r  f r o m  which the cy l inder  was can t i -  
l eve red  a c r o s s  an insulat ing coupling. In view of the 

shor tness  of the cy l inder  the ampl i tudes  of the v i b r a -  
t ions at d i f ferent  points were p rac t i ca l ly  the same .  

The v i b r a t o r  made poss ib le  hor izon ta l ly  or v e r t i -  
cal ly  d i rec ted  cy l inder  v ib ra t ion  with var ious  p a r a m -  
e t e r s .  

In the expe r imen t s  we m e a s u r e d  the power of the 
e lec t r i c  hea te r ,  the t e m p e r a t u r e  of the cy l inder  s u r -  
face (12) coppe r - cons t an t an  t he rmocoup le s - - s ee  Fig. 
1), the v ib ra t ion  f requency and ampli tude at th ree  
points along the length of the cyl inder ,  the t e m p e r a -  
tu re  of the sand in  f ront  of the cy l inder ,  the flow ra te  
of g r anu l a r  ma te r i a l ,  and its bulk weight (section 

method).  
The height  of the co lumn was se lec ted  so as to en-  

su re  s tab i l ized  mot ion  and exclude the effect of the 
outlet  on the veloci ty  d i s t r ibu t ion  over  the sec t ion  
containing the cy l inder .  The re la t ive  width of the col-  
u m n  [B/d] was 5.98, which, accord ing  to [3, 4], en-  
su re s  s e l f - s i m i l a r i t y  of mot ion  with r e s p e c t  to that  
simplex. 

Thus, the motion and hence the heat transfer were 
determined only by the dimensions of the cylinder, 
the velocity of the bed, and the vibration parameters. 

The ranges of variation of the principal character- 
istics are presented in Table i. 

Figure 2a shows the mean heat transfer coefficient 

as a function of the material velocity for series I-V 

of Table 1 and without vibration (series X). 

All these relations and the data presented in Table 
2 indicate an increase in ~ with bed velocity. The bed 
veloci ty  has its mos t  impor tan t  effect on c~ in the ab-  
sence  of v ib r a t i on ;  as the v ib ra t ion  ampli tude in-  
c r ea se s ,  the effect of bed veloci ty  becomes  less  
marked  (Table 2). 

The exponents in the r e l a t ions  ~ = Cvj~ are  equal 
to 0.26 without v ib ra t i on  and to 0.243 and 0.105 for  
v ib ra t i on  at ampl i tudes  of 0.81 and 3.15 mm, r e s p e c -  
t ive ly  (Fig. 2a). 

Table  1 

Range of Var ia t ion  of P r i nc i pa l  C h a r a c t e r i s t i c s  

D i rec t i o n  o f  cyl-  Se r i e s  Bed veloci ty  Vibration am- Vibration Vibration vel- Vv 
plitude 2A,  frequency oc i ty  v v = 4A_f, - -  

i n d e r  v i b r a t i o n  no .  Vb, m m J s e r  m m  f ,  Hz  m m / s e c  Vb 

V e r t i c a l  

Horizontal  

Without  vibration 

I 
II 

IH 
IV 
V 

Vf 
VII 

VII1 
1X 
X 

0.36-- 7.1 
1,25-- 6.92 
1.3 -- 7.2 
0.35--1!,3 
0.35--10.73 
1.28--11.7 
3.8 --10.82 
1.3 --10,8 
1.33--10.73 
0.3 --II .3 

0.81 
1,21 
2.83 
1,183 
3,15 
0.71 
3.11 
0_71 
3.11 

21 
20 
20 
20 
20 
20 
13 
13 
20 

34 
48,4 

113.2 
47.3 

126.0 
28.4 
8 0 . 4  
18.5 

124,4 

4.80-- 94,5 
6 .97 - -  38.4 

15.3 -- 87.2 
4.18--135.0 

12.0 --360.0 
2,43-- 22.2 
7.95-- 21.2 
1.74--- 14.2 

11.6 -- 93,6 
0 
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Fig. 1. 1) Column; 2) test  cylinder; 3) vibrator;  
4) speed regulator;  5) e lectr ic  motor;  6) feed 
hopper; 7) upper gate; 8) lower gate; 9) flap; 
10) discharge hopper; 11) scales;  12) skip hoist; 
13) autot ransformer ;  14)potent iometer;  15) 
switch; 16) e lect r ic  heater;  17) thermocouples;  
18) thermal  insulation; 19) mercu ry  the rmom-  

eter .  
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Fig.  2. Heat  t r a n s f e r  coef f ic ien t  (c~, W / m  ~ ~ g) 
as a function of bed ve loc i ty  Vb, m m / s e c :  a) 
for  v e r t i c a l  v ibra t ion ;  1) v ibra t ion  ampl i tude  

2A = 0.81 mm,  f requency  f = 20 Hz; 2) 1.20 
m m  and 20 Hz, r e s p e c t i v e l y ;  3) 3.15 ram, 20 
Hz; 4) 2A = 0, f = 0; b) for  hor izonta l  v i b r a -  
tion; 5) v ib ra t ion  ampli tude 2A = 0.71 ram,  

f r e q u e n c y f  = 20 Hz; 6) 3.11 m m  and 20 Hz, 
r e s p e c t i v e l y ;  7) 0.71 m m ,  13 Hz; 8) 3.11 m m ,  
13 Hz; I) f rom data for  v e r t i c a l  v ib ra t ion  with 
p a r a m e t e r s  2A = 0.81 ram, f = 20 Hz; II) the 

same ,  2A = 3.15 ram, f = 20 Hz). 

Table 2 

In tens i f ica t ion  of Heat  T r a n s f e r  K at Various Rela t ive  Vibrat ion 
Ve loc i t i e s  

v b , mmlsec 

0.55 

11.2 

2.4, l'Tlm 

0 
0.81 
3.15 

0 
0.81 
3.15 

W 
a, m2 - deg 

98 
125 
239  

233 
258 
300 

av 

~0 

1 
1.275 
2.44 

1 
1.11 
1 ,29  

Vv 

Vb 

61.7 
235.2 

2.83 
10.79 
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In the t e s t s  with and without v i b r a t i o n  the bed ve l -  
oc i ty  e x e r t e d  i ts  g r e a t e s t  inf luence on hea t  t r a n s f e r  
in the r e g i o n  of v b l e s s  than 2 -3  m m / s e c .  

/.0 , a  J ' ~  

0.3 , ' ,  " o ~ , ~ -  

0,/  �9 __f 

2 3 5 /O 20 30#050 tO0 200 VvlV b 

Fig .  3. Heat  t r a n s f e r  r a t e  as a func-  
t ion of r e l a t i v e  v i b r a t i o n  ve loc i ty :  
1 ' )  Acco rd ing  to the da ta  of [1,2];  for  
the r e s t  of the nota t ion  see  F ig .  2. 

A c o m p a r i s o n  of the da ta  obta ined fo r  s t a t i o n a r y  
and v i b r a t i n g  c y l i n d e r s  a t  the s a m e  bed v e l o c i t i e s  
points  to the i n t ens i f i ca t ion  of hea t  t r a n s f e r  as  a r e -  
su l t  of v ib ra t ion ,  th is  in tens i f i ca t ion ,  o the r  th ings  
be ing  equal ,  be ing  the m o r e  a p p r e c i a b l e ,  the  g r e a t e r  
the  v i b r a t i o n  ampl i tude .  At the s a m e  ampl i tude  the  
i n c r e a s e  in hea t  t r a n s f e r  coef f ic ien t  due to  v i b r a t i o n  
i s  e s p e c i a l l y  l a r g e  in  the r e g i o n  of low bed  v e l o c i t i e s  
(Fig .  2a, Tab le  2). 

An analogous  ef fec t  of bed  ve loc i ty  and v i b r a t i o n  
ampl i tude  is  a l s o  ind ica t ed  by  the r e s u l t s  (F ig .  2b) of 
ho r i zon t a l  v i b r a t i o n  e x p e r i m e n t s  ( s e r i e s  V I - I X ,  Tab le  
1). T h e s e  e x p e r i m e n t s ,  in  which the f r e q u e n c y  was 
v a r i e d  as  wel l  as  the  ampl i tude ,  a l so  r e v e a l  an in-  
c r e a s e  in  the  r a t e  of hea t  t r a n s f e r  as  the  f r equency  
r i s e s  f r o m  13-20  Hz, o the r  th ings  be ing  equal .  The 
g raphs  of hea t  t r a n s f e r  coef f i c ien t  v e r s u s  ve loc i t y  ob -  
t a i ned  fo r  h o r i z o n t a l  and v e r t i c a l  v i b r a t i o n  with the  
s a m e  p a r a m e t e r s  a l m o s t  co inc ide .  Th is  i s  c l e a r  f r o m  
F i g .  2b, where ,  a p a r t  f r o m  the da t a  on h o r i z o n t a l  
v i b r a t i o n  ( expe r imen ta l  points) ,  we have a l so  p lo t ted  
da t a  on v e r t i c a l  v i b r a t i o n  (l ines I and II) .  

Thus,  the  r a t e  of hea t  t r a n s f e r  does  not depend on 

the r e l a t i v e  d i r e c t i o n  of v i b r a t i o n  and g r av i t a t i ona l  
mot ion  of the  bed,  and the c o r r e s p o n d i n g  m e c h a n i s m s  
of the e f fec t  on hea t  t r a n s f e r  m a y  be  a s s u m e d  to be  
analogous,  be ing  ch ie f ly  a s s o c i a t e d  with the change 
in  the na tu re  of the  f low ove r  the  c y l i n d e r  unde r  the  
inf luence  of bed  v e l o c i t y  and v ib ra t i on .  

As  v i sua l  o b s e r v a t i o n s  r e v e a l e d ,  the  f low p a t t e r n  
i s  not i d e n t i c a l  o v e r  the  c i r c u m f e r e n c e  of the  cy l inde r :  
a p r i s m  of s t a t i o n a r y  m a t e r i a l  (s tagnant  zone) i s  
f o r m e d  a t  the  f ron t  of the  cy l inde r ,  the  l a t e r a l  s u r -  
f aces  a r e  washed  by  the  moving  bed ,  and at  the r e a r  
of the  c y l i n d e r  t h e r e  i s  a s e p a r a t i o n  zone (a i r  pocket ) .  
Th is  p i c t u r e  (the p r e s e n c e  of s t agnan t  and s e p a r a t i o n  
zones)  i s  t yp i ca l  of f low ove r  both s t a t i o n a r y  (in a g r e e -  
men t  with the  da t a  of [3, 4]) and v i b r a t i n g  c y l i n d e r s .  
The i n c r e a s e  in  hea t  t r a n s f e r  coef f ic ien t  with i n c r e a s e  
in v e l o c i t y  is  a t t r i b u t a b l e  to a d e c r e a s e  in  the s i z e  of 
the  s tagnan t  zone and the t h i cknes s  of the  b o u n d a r y  
l a y e r  on the l a t e r a l  s u r f a c e s .  

V ib ra t ion  cause s  addi t ional  changes  in the  f low pa t -  
t e rn :  r educ t i on  of the s tagnant  and s e p a r a t i o n  zones 
and m o r e  in tense  mix ing  of m a t e r i a l  at  the l a t e r a l  
s u r f a c e s  l ead ing  to an i n c r e a s e  in i t s  e f fec t ive  t h e r m a l  
conduct iv i ty .  

Thus,  under  the inf luence of v i b r a t i o n  the f r a c t i o n  
of the  s u r f a c e  occupied  by zones of high t h e r m a l  r e -  
s i s t a n c e  is  r e duc e d  and the mot ion  ove r  the  r e s t  of the 
s u r f a c e  is  in tens i f i ed .  T h e s e  ef fec ts  i n c r e a s e  with in-  
c r e a s e  in v i b r a t i o n  f r equency  and ampl i tude  and a r e  
e s p e c i a l l y  no t i ceab le  at  low bed ve loc i t i e s ,  when f low 
in the absence  of v i b r a t i o n  i s  l e a s t  f a v o r a b l e .  

T h e s e  f a c t o r s  l ead  to  a f a l l  in  the  o v e r - a l l  t h e r m a l  
r e s i s t a n c e  of the moving  bed  and to an i n c r e a s e  in the 
a ve r a ge  hea t  t r a n s f e r  coef f ic ien t  ove r  the  c i r c u m f e r -  
ence .  

M o r e o v e r ,  v i b r a t i o n  i s  r e s p o n s i b l e  fo r  another  ef-  
f ec t  that  l e a d s  to an in t ens i f i ca t ion  of hea t  t r a n s f e r - - a  
c e r t a i n  compac t ion  of the m a t e r i a l  and hence  a f u r t h e r  
i n c r e a s e  in  i t s  e f fec t ive  t h e r m a l  conduct iv i ty .  The 
v i s u a l l y  o b s e r v e d  compac t ion  of the  m a t e r i a l  is  con-  
f i r m e d  by  d e t e r m i n i n g  the m e a n  packing  dens i ty  of the 
moving bed o v e r  the vo lume of the column,  which in-  
c r e a s e s  somewha t  with the  v i b r a t i o n  ampl i tude .  At  
the  m a x i m u m  ampl i tude  (2A = 3.15 mm) the packing  
de ns i t y  i n c r e a s e s  f r o m  64 to 68% (l. e . ,  by  4% as c o m -  
p a r e d  with the e x p e r i m e n t s  without  v ib ra t ion) ,  which 
l e a d s  to  an i n c r e a s e  in  the  e f fec t ive  t h e r m a l  conduc-  
t iv i ty  of the  bed  f r o m  0.262 to 0.311 W / m  2 �9 deg,  i . e . ,  
by  19%. F o r  a m o r e  thorough a n a l y s i s  of the  ef fec t  of 
changes  in pack ing  dens i ty  i t  would be  n e c e s s a r y  to 
d e t e r m i n e  i t  as  the  m e a n  not ove r  the en t i r e  vo lume of 
the co lumn but  only in  the r e g i o n  of the cy l inde r ,  where  
i t  i s  m o s t  a f fec ted  by  v ib ra t i on .  

I t  fo l lows f r o m  the above da ta  tha t  the  hea t  t r a n s -  
f e r  i s  d e t e r m i n e d  by  the r a t e  of g r a v i t a t i o n a l  mot ion  
of the bed  and the r a t e  of v ib ra t ion ,  which, by  analogy 
with the g r a v i t a t i ona l  motion,  can  be  c h a r a c t e r i z e d  
by  the v i b r a t i o n  ve loc i t y  v v = 4Af. The  inf luence of 
one f a c t o r  is  m o s t  appa ren t  in  the  r e g i o n  where  the 
in t ens i ty  of the o the r  i s  low. 

Thus,  the i n t ens i f i ca t ion  of hea t  t r a n s f e r  by  v i b r a -  
t ion  is  d e t e r m i n e d  not by  the abso lu te  p a r a m e t e r s ,  
but  by  the r e l a t i v e  v i b r a t i o n  ve loc i ty  Vv/Vb. This  i s  
c o n f i r m e d  by  the r e s u l t s  of a combined  a n a l y s i s  of a l l  
the  e x p e r i m e n t a l  hea t  t r a n s f e r  da t a  obta ined  fo r  
s t a t i o n a r y  s 0 and v i b r a t i n g  ~v (Fig .  3). 

Using  the  method  of l e a s t  s q u a r e s ,  we obtained,  
with a p r o b a b l e  e r r o r  of ~12%, the fo l lowing r e l a t i o n  
d e s c r i b i n g  the hea t  t r a n s f e r  be tween  a moving  bed  
and a v i b r a t i n g  cy l inde r :  

K =  av -~ l + 0 . 1 0 7 ( V v  ~~ 
% 

This  r e l a t i o n  holds  within the  fo l lowing l i m i t s :  

v_~v = 1.74--357; B__ ~ 2.0; 
v b 

2A ~ 0.71-- 3.15 mm; f ~  13--20 Hz; 

v b : 0.36-- 11.3 m m / s e e ;  v v =  18.5-- 126 m m / s e c ;  

d p ~  0.3 ram; d : 33.5 m m .  
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The equation obtained reflects the effect on heat 
t ransfer  of t~," bed velocity and the vibrstion param- 
eters over a quite broad range of variation and indi- 
cates that in the region investigated frequency and 
amplitude have an almost equal effect on heat t ransfer .  

The conclusion that the intensification of heat 
t ransfer  is determined by the relative vibration vel- 
ocity is consistent with the data of [5] obtained for a 

vibrating cylinder in a transverse air flow In [5] an 

appreciable increase in heat transfer was oted only 

at considerable ratios of vibration velocit~ to free- 

stream velocity. 
An effect of vibration on the heat transfer of a 

dense bed flowing over a bundle of tubes was also ob- 

served in [I, 2] in tests on a tubular heater for granu- 

lar materials (dry iron ore from the Lisakovskii de- 

posit and moist aluminum fluoride powder). The tests 

were conducted with the heater housing vibrating at a 

frequency of 47 Hz and amplitudes of 0.I and 0.24 mm 

(8 tests in all) and without vibration (3 tests) at bed 
velocities of 0.2-1o3 mm /sec .  

In most of the experiments described in [1, 2] vi- 
bration led to an intensification of heat t ransfer .  The 

experimental data of [1, 2] have been plotted in Fig. 3. 
As may be seen from the figure, on the average these 
data are consistent with our own, but are character -  
ized by significant scattering (up to 150%). It should 
be noted that the conclusion drawn in [1, 2] concerning 
the important influence of vibration with respect  to 
heat t ransfer  intensification should not be regarded as 
general. 
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